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£>~>. Abstract 

The energy transfer spectra have been calculated for the coherent r\ meson pro- 
duction in the proton nucleus reaction. The elementary reaction occurring in the 
nucleus is considered as pN -)• piV*(1535); iV*(1535) -4 Nn. The iV*(1535) exci- 
tation for the forward going proton and rj meson is occurred due to the 7T° and n 
meson exchange interactions, other mesons do not contribute in this process. The 
cross sections are calculated for the 7r° and r\ meson exchange interactions, and the 
effect of their interference on the cross section is also studied. The initial and fi- 
nal state interactions as well as the A r *(1535) nucleus interaction are addressed by 



the optical potentials. The distorted wave functions for proton and n meson are 
described by the eikonal form. The sensitivity of the cross section to the hadron 
nucleus potential is presented. 

Keywords: rj meson production, 7r° and rj meson exchange interactions, hadron nucleus 
optical potentials 
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1 Introduction 



One of the current interests in the intermediate energy nuclear physics is to explore the 
physics of rj meson [1] . Several data sets for the rj meson production in the hadron induced 
reactions have been available from various laboratories, like COSY [2] (see the references 
there in), SATURNE [3], Los Alamos [4], Brookhaven [5]. The 77 meson production in the 
heavy-ion collisions is reported from GSI [6]. Due to the advent of the high duty electron 

accelerators at Jefferson Laboratory, Bates, MAMI, ELSA, etc, good quality data for 

the photo- and electro- production of the rj meson are also available [7] . These accelerator 
facilities, along with the newly developed sophisticated detecting systems, provide ample 
scope to explore the dynamics of the rj meson in the nuclear and particle reactions. 

The study of the 77 meson production reaction opens various avenues to learn many 
exciting physics. The rjN scattering length near threshold is large and attractive which 
predicts the existence of a new type of hadronic atom, i.e., bound or quasi-bound eta mesic 
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nucleus [8, 9, 10]. Large charge symmetry violation in the 7r° — rj mixing [11] provides a 
way to estimate the mass difference between u and d quarks. Being an isoscalar particle, 
the rj meson can excite a nucleon to a I — \ nucleonic resonance. Specifically the r\ meson 

strongly couples only to iV*(1535), a I{J P ) = |(| + ) nucleonic resonance. Therefore, the r\ 
meson production in the nuclear reaction is a potential tool to investigate the propagation 
of the iV*(1535) resonance in the nucleus, in addition to the study of the rj meson nucleus 
interaction in the final state [12, 13]. 

The rj meson can be produced through the hadronic interaction by scattering of the 
pion or proton off the proton or nuclear target. Theoretical studies on these reaction, as 
done by various authors [14, 15, 16], show that the 77 meson in the final state arises due 
to the decay of iV*(1535) resonance produced in the intermediate state. Sometime back, 
Alvaredo and Oset [17] studied the coherent 77 meson production in the (p,p') reaction in 
the spin-isospin saturated nucleus: p + A(gs) — >■ p'+A(gs)+r). The elementary reaction in 
the nucleus proceeds as pN — > pN*; A r *(1535) — > Nr]. The iV*(1535) resonance produced 
in the intermediate state due to the 77 meson (a psuedoscalar-isoscalar meson) exchange 
interaction only, specifically, for the forward going proton and 77 meson. The contributions 
from other meson exchange interactions vanish in this reaction [17]. 

It could be mentioned that both n and 77 mesons are pseudoscalar particles but pion 
can't contribute to above reaction since it is an isovector meson and this reaction involves 
isoscalar nucleus. Contrast to this, both 71 and 77 meson exchange interactions contribute 
to p — > A r *(1535) excitation in the spin-saturated isospin-one nucleus. We, therefore, 
consider the coherent 77 meson production in the scalar-isovector nucleus through the (p, p') 
reaction, and study the contributions due to the 7r°, 77 meson exchange interactions and 
the interference of these interactions. The diagrammatic presentation of the elementary 
reaction occurring in the nucleus is presented in Fig. 1. It should be mentioned that the 
77 meson takes away almost the whole energy transferred to the nucleus, i.e., E v qo[= 
E p — E p i], whereas the momentum of this meson is adjusted by the recoiling nucleus. The 
distorted wave functions of protons and 77 meson are described by the eikonal form. The 
optical potentials (appearing in the N* propagator and the distorted wave functions for 
protons) are evaluated using the u tg(r)" approximation. We take the 77 meson nucleus 
optical potential from Ref. [17]. 

2 Formalism 

The Lagrangian densities describing the 71NN, 71NN*, r]NN and rjNN* interactions [18] 
are given by 

ZttNN = -ig^F^q^N^rN ■ it 
C*nn* = - 9 :F:(q 2 )N*TN ■ 7T 
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£ v nn = -ig^F^q^N^NT] 

C v nn* = - 9 ;F;(q 2 )N*N V , (1) 

where g^ and g*,^ denote the n(rf)NN and n(r])NN* coupling constants respectively. 
The values for them are g n = 13.536, g% = 0.79, g* = 2.22 and g v = 7.927 [9, 16, 19]. 
F n ( v ) and F*^ are the 7c(r])NN and 7i(r])NN* form factors which are given by 

FM( q 2 ) = FM) = A ^- m } ; (M — 7T°, 77). (2) 

<? 2 [ = <?o ~ q 2 ] i s the four-momentum transfer from pp' vertex to the nucleus, i.e., go = 
E p — E p i and q = k p — k p /. The form factors are normalized to unity when the mesons 
are in on-shell. Values for the length parameters are A„- = 1.3 GeV and A,, = 1.5 GeV 
[9, 19]. m M denotes the mass of the pseudoscalar meson: m^o ~ 135 MeV and m v ~ 547 
MeV. 

The T-matrix for the coherent 77 production in the (p, p') reaction on a nucleus can be 
written as 

T fl = t N ^ Nri V M (q) /rfr X ^*(k r „r)G^(m,r)^(r) X (-)*(V,r) X W(k p ,r), (3) 

M=7r°,r? 

where g(r) is the density distribution of the nucleus. T N *^. Nri denotes the decay vertex: 
A r *(1535) — > Nrj. VM{q) is the pseudoscalar meson (i.e., M = tt° or 77) exchange inter- 
action between the beam proton and the nucleon in the nucleus (see Fig. 1). It is given 
by 

V M (q) = ^mnn*Gm{q 2 )^Mpp'- (4) 

Fmnn* and Tm pp ' appearing in this equation represent the n(rj)NN* and -nirfjpp' vertex 
factors. They are described by the Lagrangians expressed in Eq. (1). Gm(<7 2 ) in the 
above equation denotes the propagator arising due to the virtual -nirf) meson exchange 
interaction. The form for it is 

G, {v) {q 2 ) = - 2 1 2 - (5) 

m 7r(r?) _ 1 

Xs in Eq. (3) represent the distorted wave function for the projectile p, ejectile p' and 
rj meson. Using Glauber model [20], we can write x f° r the beam proton p [21] as 

X i+) (k p , r) = e^expi-- f dz'V 0p (b, z% (6) 

Up J -co 
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where v p is the velocity of the proton. Vo p {h, z') describes the optical potential for it. 
For outgoing particles, i.e., p' and rj meson, the form for their distorted wave functions is 
given by 



X ( - r (kx,r) = e-^exp[ / dz'V ox (b,z% (X = p', v ). (7) 

V X Jz 



The optical potentials appearing in the above equations describe the initial and final state 
interactions. 

The propagator of the N* baryon, i.e., GN*(rn,r) in Eq. (3), can be expressed as 

r / \ __ 2m N* (R) 

^N^m,r) m 2_ m 2 N ^ immVN ^ m) _ 2Em y ON ^ r y W 

with mjv* = 1.535 GeV. E^* is the energy of N* resonance, m represents the invariant 
mass of the 77 meson and nucleon, arising due to the decay of N*. Von*{ t ) is the optical 
potential which describes the interaction taking place between the iV* resonance and 
nucleus. T N *(m) denotes the total width of N* for its mass equal to m. It consists 
of the partial decay widths due to the N* A%(~ 40%), N* Nr}(~ 50%) and 
N* ->• A%tt(~ 10%) [9, 22]: 



0.4 > V m \ +0.5 > A 7 (m \ +0.1 

K{m N *) k v {m N *) 



; V N .(m N ,) =0.15 GeV. (9) 



In this equation, k^^m) is the pseudoscalar meson momentum arising due to the N* of 
mass m decaying at rest. It can be evaluated using the equation: 

k M (m) = \^-{m N + m M ?)^-{m N -m M ?)]^ _ {M = ^ ^ (1Q) 

The differential cross section for the reaction illustrated above is given by 

da 



dEpi dVlpi dVL rt 



K F < \T fi \ z >, (11) 



where the annular brackets around \Tfi\ 2 represent the average over the spins in the initial 
state and the summation over the spins in the final state. Kp is the kinematical factor 
for the reaction: 

= * ™>aK>K _ (12) 

(2^ kp \ kri ( El - Ep,) - E v q.k v \ 

All symbols carry their usual meanings. 
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3 Results and Discussions 



The optical potential Voxij), appearring in the N* propagator Gn* (m,r) in Eq. (8) 
and the distorted wave functions x s m Eqs. (6) and (7), is calculated using the u tg(r)" 
approximation [21, 23], i.e., 

Vox(r) = —[* + ocxnW N q{v), (13) 

where the symbol X stands for the proton or iV*(1535) resonance, vx is the velocity of the 
particle X. axN denotes the ratio of the real to imaginary part of the scattering amplitude 
fxN • crf N represents the corresponding total cross section. To evaluate the proton 
nucleus optical potential, i.e., Vo p (r) as well as Vo p >(r), we use the energy dependent 
experimentally determined values for a P N and af N [24]. The measured values for the 
N* nucleon scattering parameters a at* at and N are not available. To estimate them, 
we take ajv* a? ~ (%pN and c^ l ' N a v ^ since the elastic scattering dynamics of the N* 
resonance can be assumed not much different compare to that of a proton [25]. The 
reactive or inelastic part of the total cross section, i.e., of* N \ should be negligible [25] 
according to reciprocity theorem, as the cross section a t (pp — > pN*) is very small [26]. 
Therefore, we take af N « a p f . The f] meson nucleus optical potential Vo v (r) can be 
estimated from the rj meson self-energy 11^ (r) in the nucleus evaluated by Alvaredo and 
Oset [17]: 

n,(r) = 2E nVo „ M = tf - - — - ¥ -$± — - — , (14) 

where the nucleon potential energy is taken as Von(j) = — 50^(r)/^(0) MeV [17]. 

The factor g(r), appearing in Eqs. (3), (13) and (14), represents the spatial density 
distribution of the nucleus. The form of g(r) for 14 C nucleus, as extracted from the 
electron scattering data [27], is given by 

q(t) = qq[1 + w(r/c) 2 ]e~ (r/c)2 ; w = 1.38, c = 1.73 fm. (15) 

This density distribution is normalized to the mass number of the nucleus. 

We present in Fig. 2 the calculated differential cross section dE ^ /dn of the energy 

transfer qo(— E p — E p i) distribution for the coherent rj meson production in the (p,p') 
reaction on 14 C at 2.25, 2.5, and 3.0 GeV. This figure shows that the contribution to the 
cross section from the 7r° meson exchange interaction (dot-dashed curve) is much larger 
than that of the 77 meson exchange interaction (dashed curve). Depending on the beam 
energy, the cross section at the peak due to the 7r° meson exchange interaction is 5 — 8 
times larger and the peak positions due to it appear at about 140 — 220 MeV lower value 
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of go in compare to those due to the 77 meson exchange interaction. This figure also shows 
that the cross sections are enhanced significantly (solid curve) due to the interference of 
these interactions. As shown in this figure, the peak cross section due to the coherent 
7T° and i] meson exchange interactions is 10 — 14 times larger and the peak positions 
appear at about 100 — 170 MeV lower value of go in compare to those due to the 77 meson 
exchange interaction. In addition to these, Fig. 2 also shows that the cross section strongly 
depends on the beam energy. The overall cross section at the peak enhances from ~ 0.11 
(mb/GeVsr 2 ) at 2.25 GeV to 0.29 (mb/GeVsr 2 ) at 3.0 GeV. With the increase in the 
beam energy, the peak position is shifted by 70 MeV towards the higher value of go. 

The dominancy of the pion exchange interaction over that of the 77 meson can easily 
be understood by analysizing the coupling constants, form factors, and virtual meson 
propagators in the T/j-matrix (see Eq. (3)). |7/j| 2 , as shown in Eq. (11), appears in the 
differential cross section. The values of the coupling constants, quoted below Eq. (1), show 
the ratio \gw9^/9rj9^\ 2 is approximately equal to 0.37. For 14 C nucleus at 2.5 GeV, the 
form factors (at the respective peaks) in Eq. (2) are F n (q 2 ~ —0.089 GeV 2 ) = F*(q 2 ~ 
-0.089 GeV 2 ) = 0.94 and F v (q 2 ~ -0.133 GeV 2 ) = F*(q 2 ~ -0.133 GeV 2 ) = 0.82. 
They give |F 7r (g 2 )/F J) (g 2 )| 4 « 1.73. This factor multiplied by \g n g^ / 'SVJ^I 2 leads to a 
factor close to 0.64. The values of the pseudoscalar meson propagators are G n (q 2 ~ 
-0.089 GeV 2 ) = -9.35 GeV~ 2 and G v (q 2 ~ -0.133 GeV 2 ) = -2.31 GeV~ 2 , which show 
\G-wiq 2 ) / G^q 2 )^ 16.38. The relatively larger values for F n (compare to F n ) and 
(compare to G v ) arise since the mass of the 7r° meson is much less than that of the 77 
meson. This analysis shows that the cross section due to the pion exchange interaction 
should be significantly larger than that due to the 77 meson exchange interaction. 

Fig. 3 describes the dependence of the calculated cross section on the iV*(1535) nucleus 
potential Von* a t 2.5 GeV for the 14 C nucleus. The incorporation of Von* in the calcula- 
tion, as shown in this figure, reduces the cross section at the peak from 0.18 mb/GeVsr 2 
(dot-dot-dashed curve) to 0.16 mb/GeVsr 2 (solid curve), i.e., the reduction in the cross 
section is about 11.28%. In addition, the incorporation of this potential shifts the peak 
position from q = 900 MeV to q = 920 MeV. At the peak, the energy of the N* reso- 
nance E N * (in the laboratory frame) is found equal to 1.85 GeV, and the optical potential 
for it is V ON *(0) = (-10.96, -18.55) MeV. 

We describe the sensitivity of the calculated cross section to the 77 meson nucleus 
optical potential Vo v in Fig. 4. This figure shows that the inclusion of Vo v in the cal- 
culation decrease the peak cross section significantly, i.e., by 22.81%. This potential 
reduces the cross section at the peak from ~ 0.21 mb/GeVsr 2 (dot-dot-dashed curve) 
to 0.16 mb/GeVsr 2 (solid curve), and it shifts the peak position from g = 900 MeV to 
go = 920 MeV. At the peak, E v ~ 918 MeV, the 77 meson nucleus optical potential is 
V Ov (0) = (13.14, -16.17) MeV. 

The effects of the initial and final state interactions on the cross section for the energy 
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transfer go distribution spectrum are illustrated in Fig. 5. In all results presented in this 
figure, the iV*(I535) nucleus optical potential Von* is included. The plane wave result is 
shown by the dashed curve where the peak appears at q = 970 MeV and the magnitude of 
the cross section at the peak is 1.79 mb/GeVsr 2 . The initial state interaction ISI, i.e., the 
beam proton and nucleus interaction, reduces the peak cross section to ~ 0.52 mb/GeVsr 2 
(dot-dashed curve), and it shifts its position at go — 930 MeV. The final state interaction 
FSI, i.e., the interactions of both p' and 77 meson with the recoiling nucleus, reduces further 
the cross section (solid curve) to 0.16 mb/GeVsr 2 at the peak which appears at g = 920 
MeV. 

4 Conclusions 

We have calculated the differential cross sections for the energy transfer distribution of 
the coherent 77 meson production in the proton nucleus reaction. The 77 meson in the final 
state appears due to the decay of iV*(1535) produced in the intermediate state. The N* 
excitation is occurred due to the n° and 77 meson exchange interactions. The contribution 
of the pion exchange interaction to the cross section is much larger than that of the 77 
meson exchange interaction. The interference of these interactions increases the cross 
section significantly. The reduction in the cross section due to the N* nucleus potential 
is less than that due to the 77 meson nucleus potential. Both of these potentials shift 
the peak position towards the higher value of the energy transferred g to the nucleus. 
Compare to the plane wave results, the initial and final state interactions shift the peak 
position towards the lower value of g , and they drastically reduce the cross section at the 
peak. 
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Figure Captions 



1. (color online). Schematic diagram of the elementary reaction: pN — > p'N*; N* — > 
Nrj. 

2. (color online). The energy transfer q (= E p — E p i) distribution spectra for the 14 C 
nucleus at 2.25, 2.5 and 3.0 GeV. The contribution due to the tc° meson exchange 
interaction is shown by the dot-dashed curve whereas the dashed curve represents 
the contribution due to the 77 meson exchange interaction. The cross section due to 
these interactions along with their interference is illustrated by the solid curve. 

3. (color online). The dependence of the calculated cross section on the iV*(1535) 
nucleus potential Von*- This potential reduces the cross section by 11.28% and 
shifts the peak position by 20 MeV towards the higher energy transfer q . 

4. (color online). The sensitivity of the cross section to the 77 meson nucleus potential 
Vort- This potential reduces the cross section at the peak by 22.81% and shifts the 
peak position by 20 MeV towards the larger energy transfer q . 

5. (color online). The effect of ISI (initial state interaction) and FSI (final state in- 
teraction) on the calculated cross section (see text). In these results, the iV*(1535) 
interaction with the nucleus, i.e., Von*, is taken into account. 
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